Objective: ST2 is a member of the toll-like receptor superfamily that can alter inflammatory signaling of helper T-cells. We investigated whether soluble ST2 (sST2) could independently predict outcome and hemorrhagic transformation (HT) in the setting of stroke. Methods: We measured sST2 in patients enrolled in the Specialized Program of Translational Research in Acute Stroke (SPOT-RIAS) network biomarker study. 646 patients had plasma samples collected at the time of hospital admission and 210 patients had a second sample collected 48 h after stroke onset. Functional outcome was assessed using the modified Rankin Scale (mRS), with good and poor outcomes defined as mRS 0-2 and 3-6, respectively. HT was classified using ECASS criteria. The relationships between sST2, outcome, and HT were evaluated using multivariable logistic regression, Kaplan-Meier survival analysis and receiver operating characteristic curves. Results: 646 patients were included in the analysis (mean age 69 years; 44% women), with a median NIHSS of 5 [IQR: 2-12]. The median sST2 level on hospital admission was 35.0 ng/mL [IQR: 25.7-49.8 ng/mL] and at 48 h it was 37.4 ng/mL [IQR 27.9-55.6 ng/mL]. sST2 was independently associated with poor outcome (OR: 2.77, 95% CI: 1.54-5.06; P = 0.003) and mortality (OR: 3.56, 95% CI: 1.58-8.38, P = 0.001) after multivariable adjustment. Plasma sST2 was also associated with hemorrhagic transformation after adjustment for traditional risk factors (OR: 5.58, 95% CI: 1.40-37.44, P = 0.039). Interpretation: Soluble ST2 may serve as a prognostic biomarker for outcome and hemorrhagic transformation in patients with acute stroke. ST2 may link neuroinflammation and secondary injury after stroke.
Introduction
Stroke is a leading cause of long-term disability, yet accurately predicting functional outcome after stroke remains challenging. 1, 2 Although clinical factors such as age, sex and stroke severity can stratify risk, a reliable blood-based biomarker at the time of stroke onset would help identify high-risk individuals and potentially inform treatment decisions. 3 Furthermore, a stroke biomarker that could identify patients at greater risk for secondary ischemic injury, poor functional outcome and mortality would aid in prognosis.
ST2 is a member of the Toll-like/Interleukin (IL)-1 receptor family. 4, 5 It serves as the receptor for IL-33 and integrates inflammation, tissue fibrosis and cardiac stress. 5 A soluble form (sST2) is secreted into the circulation and functions as a decoy receptor for IL-33, inhibiting its signaling. 6 Circulating levels of sST2 are associated with adverse outcome and mortality in patients with chronic heart failure (CHF) and myocardial infarction (MI). This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Recently, higher sST2 has been associated with an elevated risk of incident stroke. 10 In murine models of ischemic stroke, the administration of interleukin-33 (IL-33) can ameliorate the proinflammatory response, reduce ischemic damage, and improve neurological function. 11 Accordingly, sST2 is highly expressed in astrocytes and microglia, two cells types that may participate in the postischemic inflammatory response. 12 However, no clinical study to date has evaluated the role of sST2 after ischemic stroke in patients. As a result, the relationship between circulating levels of sST2, functional outcome, and its potential for association with intraparenchymal brain pathology is unknown.
In this study, we first sought to determine whether admission sST2 concentration independently predicted outcome and mortality in the setting of ischemic stroke. We also assessed for an association between sST2 and hemorrhagic transformation (HT).
Methods

Patient characteristics
The subjects for the study were enrolled in the Specialized Programs of Translational Research in Acute Stroke (SPOTRIAS) network biomarker repository. The SPOT-RIAS network repository enrolled patients age 18 years or greater who presented with symptoms consistent with ischemic stroke within 9 (median 3.62, IQR: [2.02-4.87]) hours of last seen well between January 2007 and April 2010. Subjects were eligible if the NIH stroke scale (NIHSS) score was ≥1. Clinical data and plasma samples were provided by six academic stroke centers that participated in the SPOTRIAS biorepository. For the current analysis, patients who did not have baseline plasma samples (N = 216) were excluded.
Modified Rankin Scale (mRS) assessments were prospectively gathered 90 days after the initial presentation through telephone interview with patients or family members. Poor outcome was defined as mRS of 3-6. Mortality was collected from the medical record and by accessing the Death Master File from the Social Security Administration. 13 For cause of death analysis, the medical records of patients who died and were enrolled at the Partners Healthcare SPOTRIAS sites (Massachusetts General and Brigham and Women's Hospitals) were reviewed (N = 314). The primary cause of death was classified based on consensus and categorized into neurological (including stroke, recurrent stroke, hemorrhage, or brain herniation), cardiac (sudden cardiac death), other, or unknown. All subjects or surrogates provided informed consent, and the study was approved by participating institutional review boards.
Soluble ST2 analysis
Venous blood samples were collected in ethylenediaminetetraacetic acid (EDTA)-containing blood collection tubes. Within 1 h, EDTA plasma was separated from cellular material via centrifugation, 2000 g for 15 min, and the supernatant was stored at À80°C until the time of analysis. Soluble ST2 was measured from stored plasma samples using a commercially available enzyme-linked immunosorbent assay (Presage ST2 Assay Kit, Critical Diagnostics, San Diego, CA). The mean coefficient of variation for this assay is <5%. The lower and upper limits of detection of soluble ST2 were 3.1 ng/mL and 200.0 ng/mL, respectively.
Hemorrhagic transformation analysis
Imaging data was available for patients enrolled at the Partners Healthcare SPOTRIAS sites (Massachusetts General Hospital and Brigham & Women's Hospital; N = 246). Hemorrhagic transformation was previously assessed 14 using the European Cooperative Acute Stroke Study (ECASS) III criteria. 15 All head CTs obtained through day 7 of the initial hospitalization were analyzed (median time to CT 1.2 days; IQR: [1.0-2.1]), discrepancies were adjudicated by consensus, and those performing the imaging analysis were blinded to all clinical data. HT was dichotomized into the presence and absence of HT, and the presence or absence of hemorrhagic infarction type 2 (HI2) or greater. The latter classification was selected because hemorrhagic infarction type 2 (HI2), or parenchymal hemorrhage (PH1 and PH2) have been associated with worse long term functional outcome. 16 Moreover, small petechial hemorrhagic infarction (HI1) may be benign and potentially serves as a marker of early reperfusion. 17 Since symptomatic intracerebral hemorrhages (sICH), as defined by ECASS III criteria, were rare in this cohort (n = 7), they were not separately studied.
Statistical analysis
Baseline characteristics are expressed as mean AE standard deviation (SD) for normally distributed continuous variables, or as median with interquartile range [IQR] for ordinal variables or continuous variables showing deviation from normality. Binary variables were represented as frequency and percentage. Skewed variables, such as NIHSS and glucose, were log-transformed to obtain normality prior to analysis. Odds ratios (OR) corresponded to a unit increase in the explanatory variable. Subjects were divided into tertiles based on sST2 concentration to quantify the effect size of the association between cohort characteristics and biomarker data. Differences between binary variables were analyzed using the Fisher's exact or chi-squared testing as appropriate. Continuous variables were compared between groups using analysis of variance (ANOVA) for parametric and Kruskal-Wallis for nonparametric testing.
Multivariable logistic regression was used to assess the independent association between plasma sST2 levels and functional outcome and mortality. To establish whether the associations between sST2 and functional outcome were independent of underlying cardiovascular disease, we designed a series of multivariable models to sequentially include risk factors for cardiovascular disease (i.e., atrial fibrillation, cardioembolic stroke subtype, and history of congestive heart failure). To avoid model overfitting for the logistic regression model predicting hemorrhagic transformation, only variables with a univariate P value <0.10 were included.
The discriminatory value of sST2 was analyzed using receiver operating characteristic (ROC) curve analysis. The incremental discriminatory value of sST2 was estimated by comparing the area under the ROC curve (AUC) for logistic regression models with and without sST2 included in the analysis. We evaluated the ability of sST2 to reclassify risk by comparing the prognostic accuracy of traditional clinical risk factors and calculating the net reclassification improvement (NRI) and integrated discrimination improvement (IDI) for models enriched with sST2. We calculated continuous (category-free) NRI values in groups, since there were no prespecified, externally validated risk categories. 18, 19 Kaplan-Meier survival curves were implemented to further investigate the ability of sST2 to predict mortality. Patients were stratified by sST2 tertile and cumulative event rates were compared with the log-rank test. All tests were two-sided and performed with the threshold for significance set at P < 0.05. Statistical analysis was performed using JMP Pro 12.0 (SAS Institute, Cary, NC, USA).
Results
Clinical characteristics
The initial study population consisted of 862 patients, however, 216 patients did not have baseline plasma samples available for analysis. A total of 646 patients comprised the primary study population. The mean age (AE standard deviation) was 69 AE 15 years, and 44% were female. The median admission NIHSS score was 5 [IQR: [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , and the 90-day mRS score was 2 [IQR: [1] [2] [3] [4] . Plasma samples were collected at 7.1 AE 3.3 h after stroke onset, and the median sST2 concentration for the entire cohort was 35 The clinical characteristics of the study population are presented in Table 1 . Statistically significant differences between sST2 tertiles were observed for age, cardioembolic stroke subtype, history of atrial fibrillation, history of CHF, NIHSS score, and baseline glucose level. In healthy individuals, reported reference values for sST2 differ by sex. 20 Compared to the reported 95% upper reference limit for sST2 in females, the median sST2 for stroke cohort females was higher (38.9 ng/mL vs. 33.5 ng/mL). In contrast, the median sST2 level in the stroke cohort males was lower than the reported 95% upper reference limit of sST2 for that sex (42.7 ng/mL vs. 49.3 ng/mL). Consistent with these findings, 49% of females with stroke had elevated sST2 compared to 38% of males (P < 0.001).
sST2 predicts outcome after stroke
Univariate associations with poor outcome were assessed. Baseline NIHSS, glucose level, age, sex, history of atrial fibrillation, IV tPA use, history of CHF, and baseline sST2 tertile (OR 2.29; 95% CI: 1.53-3.45; P = 0.0003) were all associated with poor outcome (see Table 2 ). Univariate box plot distributions of sST2 level by outcome are shown in Figure 1 . In multivariable logistic regression, baseline sST2 remained an independent predictor of poor outcome (OR: 2.77; 95% CI: 1.54-5.06; P = 0.003; see Table 2 ). Additional significant predictors were age, baseline NIHSS, cardioembolic stroke subtype, IV tPA use, and glucose level.
We next assessed predictors of mortality. Age, history of atrial fibrillation, history of congestive heart failure, IV tPA use, cardioembolic stroke subtype, baseline NIHSS, and baseline sST2 tertile (OR: 3.86; 95% CI: 2.15-7.26; P < 0.0001) predicted 90-day mortality (Table 2 ). In multivariable analysis, baseline sST2 (OR: 3.56; 95% CI: 1.58-8.38; P = 0.001) remained an independent predictor of death within 90 days after stroke (Table 2 ). Additional independent predictors included age and baseline NIHSS. The time to death was analyzed using Kaplan-Meier survival curves. Patients in the lowest and second tertiles of sST2 had a minimal risk of death. In contrast, patients with an sST2 level >44.6 ng/mL had the greatest risk of death ( Fig. 2) , which most often occurred within the first 30 days after the index stroke.
A subgroup of 314 patients had accessible medical records available for analysis to further investigate the cause of death. There were 51 deaths in this subgroup, out of a total of 86 in the entire cohort. Thirty-nine of 51 deaths were due to neurological causes (76%), two were due to cardiac causes (4%), five were attributed to nonneurological, noncardiac causes (10%), and five were due to unknown causes (10%). The number of neurological deaths was significantly greater in the highest sST2 tertile compared with the lower sST2 tertiles (P = 0.033; Fig. S1 ).
Evaluating the discriminatory capacity of sST2, ROC curves demonstrated better accuracy for the prediction of poor outcome and mortality when sST2 was added to major clinical risk factors. 21 After addition of sST2 to baseline clinical characteristics, the AUC was 0.854 for poor outcome, and the AUC was 0.895 for mortality (see Table S1 ). Using net reclassification analysis, this was consistent with a small degree 18, 22 of reclassification for poor outcome (NRI = 0.164) and a moderate degree of reclassification for mortality (NRI = 0.478, see Table S1 ).
We next performed a series of sensitivity analyses. We repeated analyses using sST2 quartiles and quintiles, and found that sST2 remained associated with outcome (all P < 0.001; Fig. S2 ). Lastly, in order to exclude a potential effect of differing sample storage time, we including sample storage time as a covariate in the multivariable model, and found that sST2 remained an independent predictor of outcome (Table S2) .
sST2 predicts outcome and mortality independent from cardiovascular risk factors Previous studies have identified sST2 as a prognostic biomarker in cardiovascular disease. [7] [8] [9] In order to exclude the possibility that the association between sST2 and outcome was related to underlying cardiovascular disease, we developed sequential multivariable models that included cardiovascular disease risk factors. In all models developed, baseline sST2 remained an independent predictor of poor outcome (P < 0.009; Table 3 ). Likewise, sST2 remained an independent predictor for 90-day mortality (P < 0.002) in all models tested (Table 3) . Admission values for ejection fraction and troponin were available in a subgroup of 314 patients. When these markers were included in the multivariable analysis, sST2 remained an independent predictor (P < 0.049; Table S3 ).
sST2 predicts hemorrhagic transformation after stroke
The relationship between sST2 and hemorrhagic transformation (HT) was analyzed. Of 246 patients with available scans, HT occurred in 42 (17%) patients; 23 (55%) with hemorrhagic infarction type 1 (HI1), 11 (26%) with hemorrhagic infarction type 2 (HI2), 4 (10%) with parenchymal hemorrhage type 1 (PH1) and 4 (10%) with parenchymal hemorrhage type 2 (PH2). Soluble ST2 level was significantly higher in patients with HT compared to those without (49.7 ng/mL vs. 42.1 ng/mL, P = 0.03; Fig. 3 ). The HT rate by sST2 tertile was 3%, 6% and 9%, respectively (P = 0.049). In some studies, HI2 or greater has been proposed as a marker for poststroke injury, 16 whereas HI1 may be a beneficial marker of reperfusion. Accordingly, sST2 tertile predicted the risk of HI2 or greater (P = 0.003). Table 4 when adjusted for NIHSS, baseline DWI volume, and anticoagulant use. When age, sex, baseline glucose level, IV tPA use, smoking history, antiplatelet use, or MMP-9 level were forced into the model, sST2 remained an independent predictor of HI2 or greater (P < 0.050) in all models tested (Table S4) . To further assess any potential impact of IV tPA on the ability of sST2 to predict HT, we divided the cohort into tPA-treated and non-tPA-treated subgroups. We found that sST2 remained an independent predictor of HT in both groups (Figs. S3-S4) . Finally, the inclusion of sST2 in models for predicting HI2 or greater had an AUC of 0.747 and was associated with a modest improvement in reclassification (NRI>0.268; Table S1 ).
sST2 concentration at 48 h is similar to admission sST2
210 patients of the original 646 had a second serial plasma sample collected 48 h after stroke onset available for analysis. The median 48 h sST2 concentration for these subjects was 37.4 ng/mL [IQR: 27.9-55.6 ng/mL], which was also associated with poor outcome (OR: 5.84; 95% CI: 2.98-12.52; P < 0.0001) and mortality (OR: 9.18; 95% CI: 3.99-24.53; P < 0.0001). sST2 measured at 48 h remained an independent predictor of poor outcome and mortality, after adjusting for the same previously described clinical risk factors (see Table S5 ). Lastly, we examined the relationship between 48 h sST2 and hemorrhagic transformation. Elevated sST2 levels 48 h after Survival rate 10 20 30 Days since stroke 1.0 sST2 <28.7 ng/mL 28.7< sST2 >44.2 ng/mL sST2 >44.6 ng/mL Figure 2 . Kaplan-Meier survival curve for sST2 tertiles. The solid line represents the first tertile (sST2 < 28.7 ng/mL), the dashed line represents the second tertile (sST2 28.7-44.2 ng/mL) and the dotted line represents the third tertile (sST2 > 44.6 ng/mL), P < 0.0001. (Fig. 3 ).
Discussion
In this study, we found that baseline plasma levels of sST2 independently predicted poor outcome, mortality and HT in patients who present with acute ischemic stroke. Importantly, sST2 was measured in blood samples obtained shortly after presentation to the emergency department, and predicts subsequent clinical events that can aid in risk stratification. 23 Moreover, the association with outcome remained significant after adjusting for age, sex, NIHSS score, as well as a history of cardiovascular disease (e.g., atrial fibrillation and CHF). Furthermore, sST2 predicted the subsequent development of HT, which was independent of other factors known to be associated with HT (age, sex, NIHSS, admission glucose, anticoagulant use, smoking history, antiplatelet use, DWI volume, MMP-9, and IV tPA use). In the subset of subjects with serial samples available for analysis, sST2 level 48 h after stroke onset was also associated with outcome, mortality, and HT.
Circulating sST2 was previously identified as a prognostic marker in heart failure and myocardial infarction. [7] [8] [9] 24 Together with other cardiac biomarkers such as troponin 25 and B-type natriuretic peptide (BNP), 26, 27 our data highlight overlapping injury responses that occur following both cerebrovascular and cardiovascular injury. There are several possible interpretations of our findings in this context. sST2 may be a marker for stroke-induced cardiac injury, which in turn, influences subsequent neurological outcome after stroke. Alternatively, it is possible that sST2 may integrate both stroke severity and cardiovascular disease, each of which is strongly associated with outcome after stroke. [28] [29] [30] Although our current data cannot exclude these possibilities, our multivariable models adjusting for cardiovascular risk factors and stroke severity suggest that sST2 is independent from these factors. Alternatively, it is possible that sST2 may reflect a separate and specific response to cerebral infarction, for example serving as a marker for neuroinflammation.
In this regard, we also found that elevated sST2 circulating levels were associated with HT. Several preclinical studies and biomarker analyses have suggested that neuroinflammatory markers are linked to blood-brain barrier (BBB) breakdown and HT risk. 11, [31] [32] [33] Disruption of the BBB has been shown to be associated with neuroinflammation following ischemic injury, 32 and hemorrhagic transformation has been reported as a maker of BBB breakdown. 33 The ligand for ST2, IL-33, is hypothesized to serve as an acute inflammatory signaling molecule that participates in maintaining barrier function and integrity. 34 Isoforms of ST2 and IL-33 are highly expressed in the brain and spinal cord, suggesting that IL-33/ST2 may function directly in the central nervous system. 12 In a murine model of stroke, IL-33 signaling through the membrane-bound form of ST2 has been shown to be neuroprotective through anti-inflammatory effects. 35 In contrast, the circulating soluble form (sST2), which was measured in our study, is thought to antagonize IL-33 signaling 6 and augment neuroinflammation by operating as a decoy receptor. While our finding that sST2 is associated with HT is consistent with this hypothesis, the data remains circumstantial.
This study has several limitations. This was a retrospective analysis of a multicenter sample biorepository with samples that were stored for~5 years at À80°C. While sST2 stability studies have demonstrated excellent recovery from plasma samples stored long term at this temperature, the maximum time studied was 1.5 years. 36 As the study cohort contains mostly mild to moderate strokes, our findings may also not be generalizable to all acute stroke patients who present in the emergency department. Additional prospective studies, with prompt measurements of sST2 following collection are needed to validate these preliminary findings and validate effect sizes. 37 The study also has strengths. The timing of the blood sampling (within the first 9 h of stroke onset) coincides with a time point that can aid in risk stratification. 23 In patients who had serial blood sampling 48 h later, the findings were consistent with the baseline sample. The reasonably large sample size also included patients who were enrolled from multiple centers.
Summary
We provide evidence that elevated sST2 is associated with worse 90-day outcome, higher mortality, and increased risk of HT after acute ischemic stroke. These findings highlight the ST2 pathway as a candidate link to neuroinflammation-induced secondary injury. Additional study is needed to validate its role as a clinical biomarker and further investigate its potential connection to outcome. 
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Additional Supporting Information may be found online in the supporting information tab for this article: Figure S1 . Elevated sST2 is associated with neurological deaths. Neuro indicates the number of neurological deaths in each sST2 tertile. Other indicates the number of cardiac, non-neurological/non-cardiac, and unknown deaths in each sST2 tertile. The number of neurological deaths was significantly higher in the highest sST2 tertile compared with the lower sST2 tertiles, P = 0.033. Table S1 . Discrimination analysis of sST2 for predicting poor outcome, mortality, and hemorrhagic transformation Figure S2 . sST2 tertiles, quartiles and quintiles were significantly associated with poor outcome and mortality. The highest tertile, quartile and quintile were associated with poor outcome (A, P = 0.0003; C, P < 0.0001; and E, P = 0.0005, respectively) and mortality (B, P < 0.0001; D, P < 0.0001; and F P < 0.0001, respectively). Table S2 . sST2 independently predicts outcome and mortality when adjusted for sample storage time. Table S3 . sST2 predicts mortality independent from acute and chronic cardiovascular risk factors. Table S4 . sST2 predicts hemorrhagic transformation after ischemic stroke -detailed. Figure S3 . sST2 is associated with poor outcome and mortality regardless of tPA treatment status. Box plot represents the median and IQR, whiskers the 10 th and 90 th percentile. A) Median sST2 levels are higher in patients with poor outcome (37.4 ng/mL [IQR 27.9 -54. 5 Figure S4 . sST2 is associated with hemorrhagic transformation regardless of tPA treatment status. Box plot represents the median and IQR, whiskers the 10 th and 90 th percentile. A) Median sST2 levels are significantly higher in patients who developed hemorrhagic transformation compared to those that did not develop hemorrhagic transformation in patients that did not receive tPA. Wilcoxon Test (P = 0.041). B) Median sST2 levels are significantly higher in patients who developed hemorrhagic transformation compared to those that did not develop hemorrhagic transformation in patients that received tPA. Wilcoxon Test (P = 0.014). Table S5 . 48h sST2 predicts poor outcome and mortality after ischemic stroke.
